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location-density accumulation at critical GB locations. To accurately represent dislocation-density evolu-
tion, a conservation law for dislocation-densities is used to balance dislocation-density absorption,
transmission and emission from the GB. The behavior of f.c.c. polycrystalline copper, with different ran-
dom low and high angle GBs, are investigated for different crack lengths. For aggregates with random low
angle GBs, dislocation-density transmission dominates at the GBs, which can indicate that the low angle
GB will not signiﬁcantly change crack growth directions. For aggregates with random high angle GBs,
extensive dislocation-density absorption and pile-ups occur. The high stresses associated with this
behavior, along the GBs, can result in intergranular crack growth due to potential crack nucleation sites
in the GB.
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Local behavior at grain–boundary (GB) interfaces is critical in
predicting the failure behavior of crystalline aggregates. Complex
interactions between dislocations and GBs, such as partial disloca-
tion dissociations, dislocation absorption and transmission,
pile-ups, and slip-system incompatibilities can arise due to GB
misorientations and the local interactions within GB interfacial
regions (Gemperle et al., 2002). These interactions and the initial
GB misorientations can lead to different GB behavior that can have
a signiﬁcant effect on the nucleation and propagation of transgran-
ular and intergranular cracks (Kim et al., 2003; Zhang et al., 2003).
The initial GB misorientation of crystalline aggregates has a crit-
ical effect on local dislocation behavior and overall response. For
random low angle GBs, where misorientations are generally less
than 15, GB dislocation (GBD) networks are usually well organized
with periodic patterns, and the GB energy is basically linearly pro-
portional to the misorientation angle (Read and Shockley, 1950).
Slip systems on each side of the GB are nearly coplanar, which pro-
vide an easy path for dislocation transmission between grains. For
random high angle GBs, where misorientations are generally great-
er than 15, the GBD networks are usually thick and irregular, and
the GB energy is usually much higher than random low angle GBs,
and behavior is unpredictable due to the complexity of GBDll rights reserved.
: +1 919 515 7968.
edu (M.A. Zikry).networks (Amouyal et al., 2005; Read and Shockley, 1950; Watan-
abe et al., 1999). For these orientations, there are usually no copla-
nar slip-systems between two neighboring grains, and these high
misorientations also are high energy barriers to dislocation trans-
mission. Random low angle GBs sometimes can be treated as single
crystals in absence of solutes or other impurities in that disloca-
tions can transmit between neighboring grains without difﬁculty.
Furthermore, SEM and TEM observations have shown that when
a random low angle GBs are ahead of a growing crack, the disloca-
tions emitted from the crack transmit in the GB region and then
transmit to the neighboring grain, and the crack can easily pene-
trate the GB region without signiﬁcant changes in the original
crack orientation (Zhang and Wang, 2008; Zhong et al., 2006).
In contrast, random high angle GBs are highly disordered usu-
ally with high misorientation and interfacial energies (Amouyal
et al., 2005; Shih and Li, 1975; Watanabe et al., 1999). The high
misorientation and complex GBD networks in high angle GBs result
in dislocation absorption and pile-ups in the GB region. These ran-
dom high angle GBs act as strong barriers of dislocation movement,
and consequently change the original crack directions, and even
render transgranular cracks into intergranular cracks (Qiao and
Argon, 2003; Robertson et al., 1992; Zhang and Wang, 2008; Zhang
et al., 2003; Zhong et al., 2006).
Experimental observations have also clearly indicated that dis-
locations can interact with GBs in different ways through direct
transfer, absorption, or transmission across the GB with residual
GB dislocations and pile-ups that can result in dislocation emission
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several criteria on dislocation transmission have been proposed for
these complex processes Clark et al., 1992; Lagow et al., 2001; Lee
et al., 1990a,b; Livingston and Chalmers, 1957; Shen et al., 1986).
For example, Lee et al. have proposed three criteria for dislocation
transmission: (i) that the angle between the lines of intersection
between the GB and each slip plane must be a minimum, (ii) that
the magnitude of the Burgers vectors of the dislocations that
remains in the GB must be a minimum; (iii) that the resolved shear
stress on the outgoing slip-system must be a maximum. These
three criteria have been used to understand single dislocation
transmissions and to rationalize multiple dislocation activities
(Gemperle et al., 2002; Gemperlova et al., 2004; Lee et al.,
1990a,b).
Computer simulations also provide understanding on different
scales. It was observed in the molecular dynamics (MD) simula-
tions that the GB may act as sink and source of dislocation (Schiotz,
2004; van Swygenhoven et al., 2006), dislocations may be absorbed
in the GB and then cause pile-ups (Schiotz, 2004; Yamakov et al.,
2003) and cross-slip (Yamakov et al., 2003). Transgranular cracks
have been predicted to change its direction, and even become
intergranular cracks in the presence of high angle GBs (Farkas
et al., 2002). These MD methods provide insights that may not be
possible with TEM in-situ observations on the nano scale. But, se-
vere limitations on time and length scales may render these simu-
lations ineffective on the micro-structural physical scale that
pertains to the inelastic behavior of crystalline aggregates (Meyers
et al., 2006; Schiotz, 2001).
Finite element methods (FEM) and crystal plasticity formula-
tions have provided further understanding on GB and crack behav-
ior. Ashmawi and Zikry (2003) have introduced interfacial GB
regions to track slip and dislocation-density transmissions and
intersections for a formulation based on dislocation-density based
crystalline plasticity for analyses of voids and cracks. Cohesive
zone method is the one that have been widely used to study inter-
granular crack. A traction–displacement relation is deﬁned in the
cohesive element to simulate the crack opening (Wells and Sluys,
2001; Yamakov et al., 2006). Other FE method that has been used
is the extended ﬁnite element method (XFEM). The biggest advan-
tages of XFEM are that it does not predeﬁne the crack path, and it
totally avoids remeshing. However, the drawbacks are also signif-
icant: in each element, more degrees of freedom are needed to rep-
resent the crack behavior; also a ﬁne mesh must be used in the
high stress gradient region in order to accurately predict the crack
propagation direction, and if the crack propagation direction is un-
known in advance, ﬁne meshes through the whole model are
needed (Karihaloo and Xiao, 2003; Yang and Deeks, 2007). Further-
more, none of these methods consider the dislocation activities in
the GB region and their effect on crack propagation behavior, and
hence they are not able to distinguish different GBs and predict
intergranular and transgranular crack on a micro-structural scale.
Therefore, it is essential to understand and to predict how dif-
ferent random orientations affect behavior in aggregates with a
pre-existing cracks of different lengths. In this paper, a methodol-
ogy based on a multiple slip dislocation-density crystalline formu-
lation and specialized ﬁnite-element approaches is introduced to
predict how local GB behavior can affect crack behavior and overall
response. As part of this framework, a dislocation-density grain–
boundary interaction (DDGBI) scheme between GBs and adjacent
grain interiors has been developed. This scheme is based on
accounting for three interrelated processes: dislocation-density
absorption, emission and transmission. A conservation law for dis-
location-density is used to balance dislocation activities within GB
regions. This detailed representation of local dislocation-density
activities for random low and high angle GBs can provide detailed
understanding and predictive capabilities of how local micro-structural interactions can affect intergranular and transgranular
crack growth.
This paper is organized as follows: the constitutive formulations
are presented in Section 2, which include the computational ap-
proach and the proposed dislocation-density grain–boundary
interaction scheme; the results and discussions are presented in
Section 3, which include the behavior of a polycrystalline aggre-
gate with a pre-existing crack; a summary of the signiﬁcant results
is given in Section 4.
2. Constitutive formulation
2.1. Multiple-slip dislocation-density based crystalline formulation
In this section, a constitutive formulation for the ﬁnite deforma-
tion of rate dependent multiple-slip crystal plasticity is outlined.
The detailed presentation of this constitutive formulation is given
by Zikry and Kao (1996a,b).
It is assumed that the deformation gradient can be decomposed
into elastic and plastic components, starting from the decomposi-
tion of the velocity gradient Vi;j, into symmetric and anti-symmet-
ric parts as
Vij ¼ Dij þWij; ð1Þ
where Wij is the anti-symmetric part, representing the spin tensor,
and Dij is symmetric part, representing the deformation rate tensor.
It is assumed that the spin tensor Wij and deformation rate tensor
Dij can be further decomposed into elastic and plastic parts as
Dij ¼ Dpij þ Dij; ð2aÞ
Wij ¼ Wpij þWij: ð2bÞ
The superscript * means that the elastic part and the superscripts p
denotes the plastic part. Wij represents the rigid body spin. The
elastic components of the velocity gradient Dij correspond to the
elastic lattice distortion and the inelastic parts are deﬁned in terms
of the crystallographic slip-rates as
Dpij ¼ PðaÞij _cðaÞ; and Wpij ¼ xðaÞij _cðaÞ; ð3a;bÞ
where a is summed over all slip-systems and the tensors PðaÞij and
xðaÞij are deﬁned in terms of the unit normals and the unit slip vec-
tors as
PðaÞij ¼
1
2
ðsðaÞi nðaÞj þ sðaÞj nðaÞi Þ; ð4aÞ
xðaÞij ¼
1
2
ðsðaÞi nðaÞj  sðaÞj nðaÞi Þ: ð4bÞ
For a rate dependent formulation, the slip-rates are functions of
the resolved shear stress and the reference shear stress on each
slip-systems in a power law form of
_cðaÞ ¼ _cðaÞref
sðaÞ
sðaÞref
" #
sðaÞ
sðaÞref
" #ð1=mÞ1
ðno sum on aÞ; ð5Þ
where _cðaÞref is the reference shear strain rate which corresponds to a
reference shear stress sðaÞref , and m is the rate sensitivity parameter,
and for most of the metals, m is close to 100 at room temperature.
The reference shear stress is a modiﬁcation of widely accepted clas-
sical forms that relate the reference shear stress to a square-root
dependence on the immobilized dislocation-density as
sðaÞref ¼ sðaÞy þ aGb
X12
f¼1
ﬃﬃﬃﬃﬃﬃﬃ
qðfÞim
q
; ð6Þ
where b is the magnitude of burgers vector, G is the shear modulus,
sðaÞy is the static yield stress, and a is interaction coefﬁcients, and
generally have a magnitude of unity.
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terms of the Cauchy stress, rij as
sðaÞ ¼ PðaÞij rij: ð7Þ
For a deformed material, it can be assumed that the dislocation
structure of total dislocation-density qðaÞ can be additively decom-
posed into two components: immobile dislocation-density qðaÞim and
mobile dislocation-density qðaÞm as
qðaÞ ¼ qðaÞm þ qðaÞim : ð8Þ
During an increment of strain, the dislocation-density generates
(denoted by qðaÞþ) and annihilates (denoted by qðaÞ). It is assumed
that there exist balance laws to account for dislocation generation,
interaction, trapping and recovery as:
dqðaÞm
dt
¼ _cðaÞ gsour
b2
qðaÞim
qðaÞm
 !
gminter
b2
exp  H
kT
 
gimmob
b
ﬃﬃﬃﬃﬃﬃﬃﬃ
qðaÞim
q !
; ð9aÞ
dqðaÞim
dt
¼ _cðaÞ gminter
b2
exp  H
kT
 
þgimmob
b
ﬃﬃﬃﬃﬃﬃﬃﬃ
qðaÞim
q
grecov exp 
H
kT
 
qðaÞim
 
;
ð9bÞ
where gsour is a coefﬁcient pertaining to an increase in the mobile
dislocation-density due to dislocation sources; gminter is a coefﬁcient
related to the trapping of mobile dislocation due to forest interac-
tions; grecov is a coefﬁcient related to the rearrangement and annihi-
lation of immobile dislocations; gimmob is a coefﬁcient pertaining to
the immobilization of mobile dislocations; H is the activation en-
thalpy; and k is the Boltzmann’s constant. As these evolutionary
equations indicate, the dislocation activities related to recovery
and trapping are coupled to thermal activation.
2.2. Dislocation-density grain–boundary interaction (DDGBI) scheme
In this section, a dislocation-density grain–boundary interac-
tion (DDGBI) scheme is presented to account for the GB disloca-
tion-density activities. It is assumed that the dislocation-density
interactions occur between slip-systems on each side of the GB
interface. Based on the single transmission criteria by Clark et al.
(1992), a transmission criteria for multiple slip is proposed as
follows:
Criteria 1. A transmission factor is proposed based on two com-
ponents. The ﬁrst one is the angle a (Fig. 1), which is the angle be-
tween the intersection lines of the slip planes and GB planes; the
second part is the angle b between slip directions of these two
slip-systems. Hence, the transmission factorMab can be denoted as
Mab ¼ cosa  cos b; ð10Þ
where a¼ arccosð~l1 ~l2Þ in which ð~l1 ¼~n1 ~nGB and~l2 ¼~n2 ~nGBÞ; ð11aÞ
and b¼ arccosð~s1 ~s2Þ; ð11bÞFig. 1. Intersection angles a between intersections of slip planes and GB planes.Criteria 2. The ratio of resolved shear stress to the reference shear
stress of the outgoing slip-system (stress ratio) should be greater
than a critical value ccr , which is approximately one.
If these transmission criteria are satisﬁed, a dislocation-density
can emit from a higher dislocation-density region to a lower dislo-
cation-density region. It is assumed that the dislocation-densities
will be redistributed according to these transmission factors as
shown in Fig. 2. Based on this, a balance of dislocation-densities
due to these different dislocation-density interactions, DqðbÞout , can
be deﬁned as
DqðbÞout ¼
MabðsðbÞout=sðbÞref ÞPm
i¼1ðMaisðiÞout=sðiÞref Þ
DqðaÞinc ; ð12Þ
where a is an incoming slip-system, b is an outgoing slip-system,
sðbÞout is the corresponding resolved shear stress, and s
ðbÞ
ref is the refer-
ence shear stress of the outgoing slip-system b. m is the number of
all possible outgoing slip-systems, and Mab is the transmission fac-
tor between the incoming and outgoing slip-systems.
When dislocation-densities emit from one element to the other,
a balance for the dislocation-densities can be obtained by consid-
ering dislocation-density conservation (Aifantis, 1987).
@qðaÞ
@t
¼ c^ðaÞ  div~jðaÞ; ð13aÞ
where div~jðaÞ ¼
@
R DqðaÞ
Dt
~ndA
 
@x
þ
@
R DqðaÞ
Dt
~ndA
 
@y
; ð13bÞ
where~jðaÞ represents the ﬂux of dislocation-densities in slip-system
a, A is area of integration, ~n is the GB surface normal, DqðaÞ is the
summation of the dislocation-densities changes in the domain indi-
cated by Eq. (12), and c^ðaÞ represents the generation, immobilization
or annihilation of dislocations densities. c^ðaÞ is given by the statisti-
cal distribution of the immobile and mobile dislocation-densities
from Eqs. (14a), (14b).
c^ðaÞim ¼ _cðaÞ
gminter
b2
exp  H
kT
 
þgimmob
b
ﬃﬃﬃﬃﬃﬃﬃﬃ
qðaÞim
q
grecov exp 
H
kT
 
qðaÞim
 
; ð14aÞ
c^ðaÞm ¼ _cðaÞ
gsour
b2
qðaÞim
qðaÞm
 !
gminter
b2
exp  H
kT
 
gimmob
b
ﬃﬃﬃﬃﬃﬃﬃﬃ
qðaÞim
q !
: ð14bÞ
So that the evolution of dislocation-densities is updated asFig. 2. Dislocation-density redistribution according to transmission factors and
resolved shear stress.
Fig. 3. Finite element aggregates: (a) 50 grain polycrystalline aggregate without crack, the grain numbers are indicated; (b) short crack (a/w = 0.05) and (c) long crack (a/
w = 0.1). The circles indicate the initial crack locations.
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dt
¼ _cðaÞ gminter
b2
exp  H
kT
 
þgimmob
b
ﬃﬃﬃﬃﬃﬃﬃﬃ
qðaÞim
q
grecov exp 
H
kT
 
qðaÞim
 
div~jðaÞ;
ð15aÞ
dqðaÞm
dt
¼ _cðaÞ gsour
b2
qðaÞim
qðaÞm
 !
gminter
b2
exp  H
kT
 
gimmob
b
ﬃﬃﬃﬃﬃﬃﬃﬃ
qðaÞim
q !
div~jðaÞ: ð15bÞ
Dislocation-density activities can occur in the GB interface and
at GB-interior interfaces (Figs. 2 and 3). In the proposed GB repre-
sentation, we assume that dislocation-density transmission occurs
when immobile dislocation-densities transmit through the GB
interfaces to compatible slip systems in the neighboring grain. Dis-
location-density absorption occurs when mobile dislocation-densi-
ties from the grain interior transmit into the GB, but do not
transmit out of it. In this case, all of the mobile dislocation-densi-
ties are then immobilized to immobile dislocation-densities, and
are assumed to be absorbed in the GB. Some of these immobile dis-
location-densities in the GB regions may pile-up, but as the defor-
mation evolves can activate neighboring slip systems. This can
result in dislocation-density emission, in which the immobile dis-
location-densities in the GB become mobile dislocation-densities
and emit into the neighboring grain. Hence, all three processes of
transmission, absorption, and emission can occur simultaneously
on different slip-systems within the GB region and between neigh-
boring grains.2.3. Computational methods
The total deformation rate tensor Dij, and the plastic deforma-
tion rate tensor Dpij are needed to update the material stress state.
The method used here is one developed by Zikry (1994) for rate
dependent crystalline plasticity formulations, and a brief outline
will be given here. An implicit ﬁnite-element method is used to ob-
tain the total deformation rate tensor Dij. To overcome numerical
instabilities associated with stiffness, an adaptive explicit–implicit
method is used to obtain the plastic deformation rate tensor Dij. AnTable 1a
Misorientation of random low angle GBs.
Grain no. u1 (rad) u2 (rad) U (rad)
22 (crack) 0.164 0.192 0.098
20 (under) 0.182 0.170 0.257
19 (lower left) 0.002 0.078 0.013
21 (ahead) 0.145 0.105 0.052
23 (upper) 0.003 0.110 0.198explicit ﬁfth order Runge–Kutta method is used most of the times,
and when numerical stiff occurs, the computation scheme auto-
matically switches to the implicit backward Euler method. This
adaptive numerical scheme is also used to update the evolutionary
equations for the mobile and immobile dislocation-densities and
the resolved shear stress.3. Results and discussion
The multiple-slip crystal plasticity dislocation-density based
constitutive formulation and the FE computational scheme were
used to investigate material deformation mechanisms associated
with random low and high angle boundaries and crack behavior
in a f.c.c. copper polycrystalline aggregate with ﬁfty grains. A spe-
cialized two-dimensional Voronoi tessellation technique (Shi et al.,
2006) was used to generate a polycrystal aggregates with overall
dimensions of 0.5 mm by 0.5 mm. The average grain size in this
aggregate is approximately 70 lm, and the GB width was assumed
to be 3.5 lm. In this study, we kept this GB width as ﬁxed, and var-
ied the GB orientations. The crack-free aggregate contains 1803
four-noded elements, and the loading and boundary conditions
are shown in Fig. 3a. For the random low angle GB aggregates,
the misorientations between each grain were mostly less than
15. For the random high angle GB aggregate, about 50% of the mis-
orientations were between 15 and 30, and the other 50% of the
misorientations were greater than 30. For the cases where a crack
was considered, the crack was initially oriented normal to the load-
ing surface, and it was generated within one grain (grain 22) by
having free nodes associated with the crack opening displacement.
A short crack (Fig. 3b) with an a/w of 0.05 and a long crack with an
a/w of 0.1 (Fig. 3c) have been introduced into the 50-grain aggre-
gate. The same random high and low angle GBs as in the crack-free
aggregate were used with the pre-existing cracks. The detailed ori-
entations of grains in the crack-process region are listed in Tables
1a and 1b.Misorientation by Euler angles () Misorientations by axis/angle ()
1.031, 1.261, 9.110 (1.000, 0.000, 0.025)/9.1
9.282, 6.532, 4.870 (0.296, 0.000, 0.955)/16.6
1.089, 4.985, 2.636 (1.000, 0.001, 0.017)/2.6
9.225, 4.698, 5.730 (0.377, 0.000, 0.926)/15.0
Table 1b
Misorientation of random high angle GBs.
Grain no. u1 (rad) u2 (rad) U (rad)) Misorientation by Euler angles () Misorientations by axis/angle ()
22 (crack) 0.303 2.760 1.731
20 (under) 0.141 2.375 0.329 25.44, 65.80, 117.9 (0.986, 0.014, 0.165)/65.4
19 (lower left) 0.983 1.173 0.494 73.68, 134.7, 70.87 (0.978, 0.031, 0.206)/64.5
21 (ahead) 0.941 2.980 1.006 34.32, 31.12, 41.54 (0.978, 0.001, 0.208)/34.5
23 (upper) 1.161 2.581 0.364 49.16, 53.98, 78.32 (0.962, 0.003, 0.274)/67.1
Table 1c
Material properties of copper.
Properties E (GPa) M _cref ðs1Þ B ð1010 mÞ ry (MPa) t _ccriticalðs1Þ A
Value 100 0.01 0.001 2.5 100 0.3 104 0.3
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the same as in the grain interior, and the material properties of
the f.c.c. crystals are given in Table 1c. The initial immobile dislo-
cation-density, qims, was chosen as 10
10 m2, and the initial mobile
dislocation-density qms, was chosen as 10
7 m2. The values of the
initial and the saturated dislocation-densities are representative
of copper (Mughrabi, 1987). Based on the scheme developed by
Zikry and Kao (1996), we have obtained the coefﬁcient values
needed for the evolution of the immobile and mobile densities
and the speciﬁed material properties. These values are
gminter ¼ 5:53; grecov ¼ 6:67; gimmob ¼ 0:0127; gsour ¼ 2:7 105.
3.1. The effects of random low angle and high angle GBs in a crack-free
aggregate
Dislocation-densities can interact with GBs due to absorption,
transmission and emission, and the GB behavior can be determined
by the competition of these interactions, since these local GB inter-
actions can affect overall aggregate behavior. The normalized
(normalized by the initial immobile density) immobile disloca-
tion-density behavior of one of the more active slip-systems, for
a random high angle aggregate is shown in Fig. 4a and for a random
low angle aggregate it is shown in Fig. 5a at a nominal strain of 5%.
There are no interactions between dislocation-densities and GBs,
since the DDGBI scheme is not used for these predictions. As seen
in Fig. 4a, the high angle GB regions approximately have the same
dislocation-densities as in the grain interior, which in general is
not accurate, since high angle GBs usually have higher disloca-
tion-densities than the grain interior, and dislocation-densities
can pile-up (Lee et al., 1990a; Ohmura et al., 2005). In Fig. 5a, the
dislocation-densities for the low angle GB region, have accumu-
lated at the GB interface.
When the DDGBI scheme is used, the interactions including
absorption, emission and transmission can be modeled according
to the crystallographic andmechanical behavior of the GBs. As seen
in Fig. 4b, the high angle GB region absorbed and piled-up disloca-
tion-densities transmitting from the grain interior, and the immo-
bile dislocation-densities increased by 733% in the GB region. For
the random low angle GB, as shown in Fig. 5b, there is signiﬁcant
dislocation transmission through the low angle GB region, which
redistributes the immobile dislocation-densities through the GBs,
but the immobile dislocation-density in the GB regions increases
by approximately 80% due to dislocation absorption in the GB
regions.
The dislocation-density activities also affect other GB behavior,
such as local normal stresses, accumulated shear slip, and pressure
for the random high angle GBs. As seen in Fig. 4c–d, the normal
stress in the GB region is approximately 50% higher in comparison
for the case when the DDGBI scheme is used, due to dislocation-density absorption in GB regions. As shown in Fig. 4e–f, the shear
slip decreases by approximately 20%, in comparison with the case
when the DDGBI scheme is not used, because dislocation-density
interactions in the GB region impede plastic strain accumulation.
For the random low angle GB aggregate, the normal stress
(Fig. 5c–d) in the GB regions are approximately 8% higher, and
the shear slip is approximately 4% lower in comparison for the case
when the DDGBI scheme is not used (Fig. 5e–f). These increases in
the normal stress and the pressure, and the decrease in plastic
strain is a direct consequence of the interrelated interactions of
absorption, transmission, and emission. These results are consis-
tent for predictions related to bicrystal behavior at different length
scales (Shi and Zikry, 2009).
3.2. Crack behavior and GB interactions
Pre-existing cracks with different crack length are introduced in
the 50-grain polycrystal aggregates (Fig. 3b–c). A short crack with a
normalized length of a/w = 0.05 (Fig. 3b) and a longer crack with an
a/w of 0.1 (Fig. 3c) were investigated for the random high and low
angle GBs. It should also be noted that the GB misorientation di-
rectly ahead of the crack tip is 34.45 for the random high angle
GB case, and 2.61 for the random low angle GB case. The mesh
was reﬁned until convergent results were obtained for stress gra-
dients in the crack process region. Convergent meshes of 1864 ele-
ments for the short crack, and 1830 elements for long crack were
used for the different GB orientations.
3.2.1. Random low angle GB behavior for the short crack (a/w = 0.05)
Fig. 6 shows the immobile dislocation-density of the most ac-
tive slip-system near the crack tip region for the high angle GB
model. The GB above the crack tip, which is the GB between grain
22 and grain 23 (GB 22–23), has a misorientation of 15 with re-
spect to grain 22, and the GB ahead of the crack tip (GB 22–21)
has a misorientation of 2.61 (Table 1a). There are no interactions
between dislocation-densities and GBs when the DDGBI scheme is
not used (Fig. 6a). When the DDGBI scheme is used (Fig. 6b), these
GBs absorb dislocation-densities from the crack tip regions as
shown in Fig. 6a. The maximum dislocation-density is approxi-
mately 3 1015 m2 in GB 22–23, and 1 1015 m2 in GB 22–21.
The GB with the higher misorientation angle (15 in GB 22–23) ab-
sorbs more dislocation-densities than the GB with the lower mis-
orientation GB (2.61 in GB 22–21). Although there are many
factors that control dislocation-density absorption, it is evident
that dislocation activities increase as the misorientation angle in-
creases. Fig. 7 shows the consequent normal stress distribution di-
rectly ahead of the crack tip. If the DDGBI scheme is not used, the
GB has no inﬂuence on the stress distribution (Fig. 7a). Since the
dislocation-density absorption is insigniﬁcant for random low an-
Fig. 4. Immobile dislocation-density of the most active slip-system for a random high angle GB showing dislocation-density absorption: (a) immobile dislocation-density of
an active slip-system ½110ð111Þ without the DDGBI scheme; (b) immobile dislocation-density of the same slip-system with the DDGBI scheme; (c) normal stress without
DDGBI scheme; (d) normal stress with DDGBI scheme; (e) shear slip without DDGBI scheme and (f) shear slip with DDGBI scheme.
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normal stress in the GB region (Fig. 7b and Fig. 14a) when the
DDGBI scheme is used in comparison for the case when the DDGBI
scheme is not used.
3.2.2. Random high angle GB behavior for the short crack (a/w = 0.05)
Fig. 8 shows the immobile dislocation-density of the most ac-
tive slip-system near the crack tip region. The GB above the crack
tip (GB 22–23) has a misorientation of 67.1 with respect to grain
22, and the GB ahead of the crack tip (GB 22–21) has a misorienta-
tion of 34.5 (Table 1b). There are no interactions between disloca-
tion-densities and GBs, when the DDGBI scheme is not used
(Fig. 8a), and the maximum dislocation-density is at the crack
tip. When the DDGBI scheme is used (Fig. 8b), GB 22–21 absorbs
dislocation-densities and the maximum dislocation-density is near
the crack tip, with a value of 8:5 1015 m2. GB 22–23 also ab-
sorbed high dislocation-densities and the maximum value is
3 1015 m2. We can see that for random high angle GB case, high-er GB misorientation do not result in higher GB absorptions. Fig. 9
shows the stress distribution near the crack tip region. When the
DDGBI scheme is not used, the GB has no inﬂuence on the stress dis-
tribution (Fig. 9a). When the DDGBI scheme is used, the high dislo-
cation-density absorption increases the normal stress in GB 22–21
ahead of the crack tip by 53%, and increases it in GB 22–23 by
approximately 40%. The normal stress to the left of GB 22–23 de-
creases by 29% (Fig. 14b). This is probably because the plastic defor-
mation from the crack tip is impeded by GB 22–23. As these results
indicate, the dislocation-density impedance for random high angle
GBs clearly affects stress behavior in the crack tip region.
3.2.3. Random low angle GB behavior for the long crack (a/w = 0.1)
Fig. 10 shows the dislocation-density of an active slip-system
½0 11ð111Þ near the crack tip region for the random low angle
GB aggregate when the DDGBI scheme is not used. As we can
see, there is signiﬁcant dislocation-densities accumulation for this
slip-system near the crack tip region. When the DDGBI scheme is
Fig. 5. Immobile dislocation-density of the most active slip-system for a random low angle GB indicating dislocation-density absorption: (a) immobile dislocation-density of
an active slip-system ½011ð1 11Þ without the DDGBI scheme; (b) immobile dislocation-density of the same slip-system using the DDGBI scheme; (c) normal stress without
the DDGBI scheme; (d) normal stress with the DDGBI scheme; (e) shear slip without the DDGBI scheme and (f) shear slip with the DDGBI scheme.
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there is no GB effect (Fig. 10a). When the DDGBI scheme is used,
we can see that the low angle (2.61) GB does slightly absorb dis-
location-densities, and the dislocation-density in the GB increases
by 60% (Fig. 10b). The higher angle GB (15) above the crack tip ab-
sorbs dislocation-densities, and the density increases by approxi-
mately 300%. This result is similar for the predictions associated
with the shorter crack, in which the GB with the higher misorien-
tation absorbs more dislocation-densities. Fig. 11 shows the nor-
mal stress near the crack tip. When the DDGBI scheme is not
used, there are no signiﬁcant GB effects. The normal stress gradu-
ally decreases with a radial increase in distance (Fig. 11a). When
the DDGBI scheme is used, due to the GB dislocation-density
absorption ahead of the crack tip, the normal stress increases by
42% (Fig. 11b and Fig. 14c). This increase in normal stress along
the radial direction of the crack, along with the stress distribution
patterns, can indicate that the crack will be probably growing
along the initial crack orientation.3.2.4. Random high angle GB behavior for the long crack (a/w = 0.1)
Fig. 12 shows the dislocation-densities of the most active slip-
system ½110ð111Þ near the crack tip region for the random high
angle GB case. When the DDGBI scheme is not used, the disloca-
tion-densities from the crack tip do not have any interaction with
the GBs, and the maximum dislocation-density is adjacent to the
crack tip region ð3:8 1015 m2Þ. The maximum dislocation-den-
sity in the GB 22–21 region is approximately 2 1014 m2. When
the DDGBI scheme is used, there are extensive dislocation-density
accumulations with a maximum of 7:5 1016 m2 for this slip-sys-
tem. This is approximately 2000% higher in comparison with the
case where the DDGBI scheme is not used. When the DDGBI
scheme is not used, the highest normal stress is near the crack
tip, and there are no accumulations at the GB regions (Fig. 13a).
When the DDGBI scheme is used, the stress increases by 108%
due to GB activities. The normal stress behind the high angle GB
signiﬁcantly decreases by 30% (Fig. 13b and Fig. 14d). Compared
to the results for the shorter crack (Fig. 8b), we can see that the
Fig. 6. Immobile dislocation-densities of the most active slip-system ½0 11ð111Þ near the crack tip region for random low angle GBs with short crack (a/w = 0.05): (a) without
the DDGBI scheme, no dislocation-density absorption and (b) with the DDGBI scheme, dislocation-density absorption adjacent to the crack tip region.
Fig. 7. Normal stress ahead of the crack tip for random low angle GBs with short crack (a/w = 0.05): (a) the normal stress without the DDGBI scheme and (b) the normal stress
with the DDGBI scheme. The stress is signiﬁcantly higher at the crack tip in comparison with GB regions by almost a factor of two. No signiﬁcant stress increase in the GB
region.
Fig. 8. Dislocation-density of the most active slip-system ½110ð111Þ ahead of the crack tip for random high angle GBs with short crack (a/w = 0.05): (a) without the DDGBI
scheme and (b) with the DDGBI scheme. There are signiﬁcant dislocation-density pile-ups in GB region, and the maximum immobile dislocation-densities in the GB region are
approximately 20 times higher than those in the crack tip region.
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more GBs would interact with the crack. Since the crack can prop-
agate along the direction of the high stress, the stress concentra-tion in the GB region and low stress behind GB can result in
crack propagation along the these critical GBs, and hence an inter-
granular crack could propagate for this case. Furthermore, these GB
Fig. 9. Normal stress ahead of the crack tip for random high angle GBs with short crack (a/w = 0.05): (a) the normal stress without the DDGBI scheme and (b) the normal
stress with the DDGBI scheme. Normal stress is higher by a factor of 100% due to dislocation-density pile-ups in the GB region.
Fig. 10. Immobile dislocation-densities of an active slip-system ½0 11ð111Þ ahead of crack tip for random low angle GBs with long crack (a/w = 0.1): (a) without the DDGBI
scheme and (b) with the DDGBI scheme. There are minor increases of immobile dislocation-densities in the GB regions.
Fig. 11. Normal stress ahead of crack tip for random low angle GB with long crack (a/w = 0.1): (a) without the DDGBI scheme and (b) with the DDGBI scheme. The normal
stress slightly increases by approximately 10%.
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can be micro-crack nucleation sites, which would also be another
factor that would affect the intergranular growth of the pre-exist-
ing crack.The normal stress along the direction of crack is shown in
Fig. 14 for the above four cases. As we can see from these ﬁgures,
when the DDGBI scheme is not used, the normal stress decreases
as the distance from crack tip increases. When the DDGBI scheme
Fig. 12. Immobile dislocation-densities of the most active slip-system ½110ð111Þ ahead of the crack tip for random high angle GBs with long crack (a/w = 0.1): (a) without
the DDGBI and (b) with the DDGBI. Dislocation-densities are piled-up in the GBs and are 20 times higher than the densities at the crack tip.
Fig. 13. Normal stress ahead of the crack tip for random high angle GB with long crack (a/w = 0.1): (a) without the DDGBI scheme and (b) with the DDGBI scheme.
Dislocation-density pile-ups in the high angle GB region result in high normal stress in the GB (3 times as predicted without the use of the DDGBI scheme).
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region for both the random low angle and high angle GB. For the
random high angle GBs, the stresses are approximately 3–4 times
higher in magnitude in comparison with values for the random
low angle GB at the same locations. Furthermore, the normal stress
on the left side of these critical GB decreases when the normal
stress on the right side of the GB region (grain 22) increases, which
probably indicates that the GB blocks the transmission of deforma-
tion and stress from the crack tip.
As noted earlier, it has been observed and conﬁrmed in numer-
ous experiments that GB behavior can have signiﬁcant effects on
deformation and failure modes. For random low angle GBs, disloca-
tions are commonly observed to transmit through the GBs, and
there are very rare cases of dislocation pile-ups (Lee et al.,
1990a; Lucadamo and Medlin, 2002). For random high angle GBs,
dislocations can be absorbed and piled-up in the GB (Gemperlova
et al., 2004; Lee et al., 1990a,b). These predictions are consistent
with these experimental observations for the random low and high
angle GB cases.
When the DDGBI scheme is not used, for both random low angle
and high angle GBs, there are no interactions between dislocation-
densities and GBs, such as transmission, absorption and emission.
When the DDGBI scheme is used, these complex interactions are
accounted for, and hence different behavior between low angle
and high angle GBs can be predicted.For random low angle GBs, it is shown that there are some dis-
location-density absorptions in the GB regions, but the absorbed
dislocation-densities can transmit through the GBs, and attenuate
the dislocation-densities and stresses in the GBs. Hence, crack
growth will not be signiﬁcantly affected by the random low angle
GBs. Numerous TEM observations have indicated these crack
growth patterns for random low angle GBs (Zhang and Wang,
2008; Zhong et al., 2006). For example, Fig. 15a shows a schematic
of the predicted crack growth for a random low angle GB distribu-
tion. Dislocation-densities transmit through the GBs, and then
attenuate the stresses in the GBs. Hence, the crack may propagate
through the GB region without signiﬁcant directional and orienta-
tional changes (Zhong et al., 2006).
For random high angle GBs, the predictions using the DDGBI
scheme show severe dislocation-density pile-ups and stress accu-
mulations in the GB regions ahead of the crack tip. The pattern
of stress accumulation is within and along the GB regions. The
high dislocation-densities and stresses in the GB region can af-
fect the direction of crack propagation along the GB. These
GBs, which can be micro-crack nucleation sites, would result in
intergranular growth of the pre-existing crack. Several experi-
mental observations have shown that the crack propagation in
aggregates with random high angle GBs occurs in this intergran-
ular fashion (Robertson et al., 1991; Zhong et al., 2006). Fig. 15b
shows a schematic of crack propagation ahead of high angle GB.
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Fig. 14. Normal stress along the direction of crack: (a) short crack with random low angle GBs; (b) short crack with random high angle GBs; (c) long crack low with random
high angle GBs and (d) long crack with random high angle GBs. The normal stress increases by 32% for the random low angle GB case, and by 53% for the high angle GB region
for the short crack with DDGBI. The normal stress increases by 42% in the low angle GB region, and 108% in the high angle GB region for longer crack with DDGBI.
Fig. 15. Schematic on how crack growth can occur: (a) dislocation-densities transmit through low angle GBs; (b) crack penetrates low angle GBs; (c) dislocation-densities
piled-up at high angle GB and (d) intergranular crack growth at the pile-up and micro-crack nucleation regions for random high angle GB case.
3924 J. Shi, M.A. Zikry / International Journal of Solids and Structures 46 (2009) 3914–3925The high dislocation-densities adjacent to the crack tip are ab-
sorbed and pile-up along the GBs, and in combination with thehigh stresses in the GB regions can result in intergranular crack
growth.
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A dislocation-density grain–boundary interaction (DDGBI)
scheme has been developed to account for and predict GB interac-
tions with dislocation-densities, such as emission, absorption and
transmission in polycrystals with random low and high angle
GBs. When the DDGBI scheme is not used, it is not possible to ac-
count for dislocation-density-GB interactions, and accurately pre-
dict how these GB effects can affect overall behavior. When the
DDGBI scheme is used, there are signiﬁcant predicted differences
in behavior. For random low angle GBs, although there is some dis-
location-density absorption, the dislocation-densities mainly
transmit through the GB. This results in stress attenuation in the
GB regions. For the aggregate with the random high angle GBs,
the absorbed dislocation-densities dominant, and dislocation-den-
sity pile-ups and stress accumulations occur.
For the aggregate with different crack lengths, it was shown
that dislocation-densities ahead of the crack tip can transmit
through the GBs for an aggregate with random low angle GB. The
dislocation-density transmission attenuates the stresses in the
GB regions, so that GBs do not signiﬁcantly change the crack
growth directions. However, high dislocation-densities can blunt
crack growth. Random high angle GBs ahead of the crack tip had
signiﬁcantly more absorption of dislocation-densities with no
transmission from these regions. This can result in extensive se-
vere dislocation-density pile-ups in the GBs. The piled-up disloca-
tion-densities dramatically increase the stresses in the GB, and
inhibit plastic deformation transmission to neighboring grains.
These GB regions, with the high stresses and dislocation-density
absorption can be micro-crack nucleation sites, which would also
be another factor that would affect the intergranular growth of
the pre-existing crack. The present study underscores that GB
activities would signiﬁcantly affect crack growth behavior. These
effects are more signiﬁcant for longer initial cracks, in which the
crack would interact with more GBs.
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